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LQFUHDVH RI WKH W\SLFDO UHTXLUHPHQWV IRU IRUPDELOLW\ E\ D UHJUHVVLRQ KHDW WUHDWPHQW RI WKHZKROH VKHHW 7KHUHIRUH WKH QHFHVVDU\










VWUHQJWK LV UHTXLUHG LQ FRPELQDWLRQ ZLWK ORZ GHQVLW\
1RQHWKHOHVV WKHVH DOOR\V DUH VHQVLWLYH WR ORFDOL]HG
FRUURVLRQ DQG VWUHVV FRUURVLRQ FUDFNLQJ $Q
LPSURYHPHQW RI WKH FRUURVLRQ UHVLVWDQFH E\ RYHUDJLQJ
OHDGVWRDORVVRIVWUHQJWKKRZHYHU
)RUWKHFRSSHUFRQWDLQLQJ[[[VHULHV$ODOOR\VLQWKH
7 WHPSHUDVSHFLDO WZRVWHSKHDW WUHDWPHQW±VRFDOOHG
5HWURJUHVVLRQDQG5HDJLQJ55$±KDVEHHQGHYHORSHG
E\Cina >@ WR LQFUHDVH WKH VWUHVV FRUURVLRQ UHVLVWDQFH
DQG NHHS WKH RULJLQDO VWUHQJWK RI 7 WHPSHU 7KH
UHWURJUHVVLRQ WUHDWPHQW LV D VKRUW WLPH WUHDWPHQW DW D
WHPSHUDWXUHEHWZHHQWKHDJHKDUGHQLQJDQGWKHVROXWLRQ
WUHDWPHQW WHPSHUDWXUH +HUH D SDUWLDO GLVVROXWLRQ RI
PHWDVWDEOH SUHFLSLWDWLRQV ZKLFK DUH UHVSRQVLEOH IRU
KDUGHQLQJRFFXUV >@6XEVHTXHQWO\ WKLV WUHDWPHQW VWHS
LVUHIHUUHGWRDVUHJUHVVLRQKHDWWUHDWPHQW,QFRPSDULVRQ
WR D VROXWLRQ KHDW WUHDWPHQW DW W\SLFDO WHPSHUDWXUHV RI
& WR & WKLV SURFHVV WDNHV SODFH DW VKRUWHU
WLPHVDQG ORZHU WHPSHUDWXUHV,Q WKHVHFRQGVWHSRI WKH
55$WUHDWPHQW WKH PDWHULDO LV UHDJHG DW W\SLFDO DJH
KDUGHQLQJSDUDPHWHUV>@
,Q YDULRXV UHSRUWV DERXW WKH HIIHFW RI VXFK 55$
WUHDWPHQW IRU FRSSHUFRQWDLQLQJ $O=Q0J DOOR\V ERWK
WKHPLFURVWUXFWXUHHJE\Park et al.>@DQGViana et al.
>@ DQG WKH LQIOXHQFH RQ WKH PHFKDQLFDO DQG FKHPLFDO
SURSHUWLHV HJ E\Ural >@ DQGOhnishi et al >@ ZDV
H[DPLQHG&RPSDUHGWRWKH55$WUHDWPHQWIRUFRSSHU
FRQWDLQLQJ [[[ VHULHV $O DOOR\V RQO\ D IHZ
LQYHVWLJDWLRQV ZHUH SXEOLVKHG IRU FRSSHUIUHH $O=Q
0JDOOR\V Zielinski et al. VWXGLHG WKH LQIOXHQFH RI D
55$WUHDWPHQW RQ WKH FRUURVLRQ EHKDYLRXU DQG WKH
PHFKDQLFDO SURSHUWLHV DIWHU UHDJLQJ RI DQ $O=Q0J
DOOR\ZLWKDFRPSRVLWLRQFRPSDUDEOHWRWKHLQYHVWLJDWHG
PDWHULDO >@ ,Q WKHVH UHSRUWV PDLQO\ WKH HIIHFW RI WKLV
WZRVWHS KHDW WUHDWPHQW RQ WKH PLFURVWUXFWXUH DQG
PHFKDQLFDOSURSHUWLHVDIWHUUHDJLQJDUHGHVFULEHG,QWKH
LQYHVWLJDWLRQ WKLV WUHDWPHQW SURFHVV LV WUDQVIHUUHG WR D
FRSSHUIUHH[[[VHULHVDOOR\
,Q JHQHUDO [[[ VHULHV $O DOOR\V LQ DQ DUWLILFLDOO\
DJHG 7 WHPSHU VKRZ OLPLWHG FROG IRUPDELOLW\ EXW DUH
VXLWDEOHIRUZDUPIRUPLQJ7KHXVHRIVXFKWUHDWPHQWWR
LQIOXHQFHWKHIRUPDELOLW\DVDQDOWHUQDWLYHWRZDUPRUKRW
ZRUNLQJ SURFHVVHV LV QRW GHVFULEHG LQ WKH UHIHUHQFHV
DERYH7KHUHIRUH WKHDLPRI WKHSUHVHQWZRUNKDVEHHQ
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WRGHWHUPLQH WKHHIIHFWRID UHJUHVVLRQ WUHDWPHQWRQ WKH
VRIWHQLQJEHKDYLRURID7WHPSHUHGPDWHULDO
)ROORZLQJWHVWVDUHXVHGDVPHWKRGVRILQYHVWLJDWLRQ
x WHQVLOH WHVW WR GHWHUPLQH WKH PDWHULDO¶V W\SLFDO
PHFKDQLFDO SURSHUWLHV GHSHQGHQW RQ WKH KHDW
WUHDWPHQWSDUDPHWHUV
x K\GUDXOLFEXOJHWHVWWRGHWHUPLQHWKHIORZFXUYHXSWR
KLJKHU VWUDLQ DQG WR LQYHVWLJDWH WKH VWUHWFK IRUPLQJ
EHKDYLRU
x GHWHUPLQDWLRQ RI WKH IRUPLQJ OLPLW FXUYH )/& WR







VWXG\ZLWK D VKHHW WKLFNQHVV RI PP 7KH FKHPLFDO
FRPSRVLWLRQ DQG W\SLFDO PHFKDQLFDO SURSHUWLHV DUH
VKRZQLQ7DEOHDQG7DEOH
7DEOH&KHPLFDOFRPSRVLWLRQRIWKHLQYHVWLJDWHGPDWHULDO
 =Q 0J &X 6L )H 0Q =U 7L













7WHPSHU     

$IWHUGHWHUPLQLQJWKHKHDWXSWLPHWKHVDPSOHVZHUH
KHDWHG IRU UHJUHVVLRQ LQ D PXIIOH IXUQDFH DW IROORZLQJ
WHPSHUDWXUHV & & & & &
& & DQG &7KH UHJUHVVLRQ WLPHVZHUH
PLQPLQPLQPLQDQGPLQDIWHUUHDFKLQJWKH
IXUQDFH WHPSHUDWXUH $IWHU WKLV WUHDWPHQW VWHS DLU
FRROLQJ DW URRP WHPSHUDWXUH ZDV XVHG 7KH WUHDWHG
PDWHULDO KDG WR EH WHVWHG ZLWKLQ  KRXU WR DYRLG WKH
RFFXUUHQFHRIFROGKDUGHQLQJ
6DPSOHV IRU WHQVLOH WHVWLQJ ZHUH FXW SDUDOOHO WR WKH
UROOLQJ GLUHFWLRQ DQG WHVWHG LQ DFFRUGDQFH ZLWK ,62
ZLWKVDPSOHIRUP%>@
)RU H[SHULPHQWDO GHWHUPLQDWLRQ RI WKH IRUPLQJ OLPLW
FXUYH )/& WKH 1DNDMLPD WHVW ZDV FDUULHG RXW
DFFRUGLQJWR WKHLQWHUQDWLRQDOVWDQGDUG,62>@
RQ DQ (ULFKVHQ WHVWLQJ PDFKLQH 7KH VDPSOHV ZHUH
GHIRUPHGXQWLOIUDFWXUHE\DKHPLVSKHULFDOSXQFKZLWKD






DW IDLOXUH SURYLGHV LQIRUPDWLRQ DERXW WKH VWUHWFK
IRUPDELOLW\>@
%RWK WHVWV ZHUH FRQGXFWHG E\ PHDQV RI WKH RSWLFDO
PHDVXULQJV\VWHP*20$UDPLV$UDQGRPZKLWHEODFN
SDWWHUQZDVVSUD\HGRQ WKH VXUIDFHRI WKH VDPSOHV7KH
VWUDLQ DQDO\VLV WDNHV SODFH DORQJ WKUHH SUHGHILQHG FURVV
VHFWLRQV SRVLWLRQGHSHQGHQWPHDVXUHPHQW >@ )RU WKH
LQYHVWLJDWLRQRIWKHELD[LDOVWUHVVVWUDLQFXUYHGXULQJWKH
K\GUDXOLF EXOJH WHVW WKH PHDVXUHG SUHVVXUH DQG WKH
GHIRUPDWLRQRIWKHEODQNDUHHYDOXDWHG
,Q WKH FXS GHHS GUDZLQJ WHVW EODQNV ZLWK GLIIHUHQW





ZHUH PRGLILHG XQWLO PDWHULDO IDLOXUH RFFXUV LQ WKH
GUDZLQJSURFHVV7KLVDOORZVIRU WKHGHWHUPLQDWLRQRID
SURFHVV UDQJH LQZKLFK SDUWV ZLWKRXW ZULQNOLQJ RU FXS
EDVHIUDFWXUHFDQEHSURGXFHG7KHOLPLWLQJEODQNKROGHU
IRUFH )%+ RI ZULQNOLQJ LQ GHSHQGHQFH RI WKH GUDZLQJ
UDWLRȕFDQEHHVWLPDWHGE\HTXDWLRQDQG>@,W
GHSHQGV DOVR RQ WKH UHODWLYH EODQN WKLFNQHVV t0/d0 DQG
RQPDWHULDOSURSHUWLHV



























7KH OLPLW RI FXS EDVHG IUDFWXUH ZDV GHWHUPLQHG




3.1. Result of uniaxial tensile test 
7KH LQIOXHQFH RI WKH UHJUHVVLRQ WUHDWPHQW RQ WKH
PHFKDQLFDOSURSHUWLHVIRUXQLD[LDOVWUHVVFRQGLWLRQVZDV
H[DPLQHG,Q)LJXUHWKHSDUDPHWHUV\LHOGVWUHQJWKYS
XOWLPDWH WHQVLOH VWUHQJWK UTS XQLIRUP HORQJDWLRQ UE
DQG WRWDO HORQJDWLRQ TE DUH VKRZQ IRU WKH PDWHULDO
WUHDWHGEHWZHHQWHPSHUDWXUHVRI&DQG&DQG
WLPHV EHWZHHQ PLQ DQG  PLQ 6KRUWHU DQG ORQJHU
WLPHVZHUH DVZHOO LQYHVWLJDWHG:KLOH DW VKRUWHU WLPHV
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WKHYDULDWLRQVRIWKHPHDVXUHGYDOXHVLQFUHDVHVRWKDWQR










6< D XOWLPDWH WHQVLOH VWUHQJWKSU E XOWLPDWH HORQJDWLRQ Hu
FDQG WRWDOHORQJDWLRQet G LQGHSHQGHQFHRI WKHUHJUHVVLRQ
WUHDWPHQWWHPSHUDWXUH
,Q JHQHUDO WKH UHVXOWV VKRZ D ORZ LQIOXHQFH RI WKH
YDULDWLRQRIWLPHRQWKHPHFKDQLFDOSURSHUWLHV7KHPDLQ
LQIOXHQFH LV JLYHQ E\ WKH WHPSHUDWXUH :LWK ULVLQJ
WHPSHUDWXUH WKH \LHOG VWUHQJWK DQG WKH XOWLPDWH WHQVLOH
VWUHQJWK GHFUHDVHV ZKLOH WKH VWUDLQ LQFUHDVHV E\ WKH
UHJUHVVLRQWUHDWPHQW$WDWHPSHUDWXUHDERYH&QR
IXUWKHU GHFOLQH LQ VWUHQJWK LV UHFRJQL]DEOHZKHUHDV WKH
VWUDLQ LQFUHDVHV IXUWKHU ,W LV D FRQGLWLRQ FRPSDUDEOH WR
DQDQQHDOHG2WHPSHU




RQO\ D ORZ LQIOXHQFH RQ WKH VWUHQJWK SURSHUWLHV $Q
LQFUHDVH LQ WKH VWUDLQYDOXHVKDVKHQFHDSRVLWLYHHIIHFW
RQWKHDFKLHYDEOHIRUPDELOLW\
7KH UHVXOWV FDQ EH DWWULEXWHG WR WKH LQIOXHQFH RI WKH
UHJUHVVLRQ KHDW WUHDWPHQW RQ WKH GLVWULEXWLRQ RI
SUHFLSLWDWLRQV 'XULQJ WKH KHDWLQJ SURFHVV PHWDVWDEOH
SUHFLSLWDWLRQV FDQ UHVROYH SDUWLDOO\ RU FRPSOHWHO\:LWK
LQFUHDVLQJUHJUHVVLRQWHPSHUDWXUHWKHYROXPHIUDFWLRQRI
WKHSUHFLSLWDWLRQVGHFUHDVHVUHVXOWLQJLQDKLJKGHJUHHRI
ORVV LQ VWUHQJWK $ GHWDLOHG GHVFULSWLRQ RI WKH SURFHVV
ZDVDOUHDG\VKRZQLQDSUHYLRXVSXEOLFDWLRQ>@
%HFDXVH RI WKH UHTXLUHPHQW IRU VKRUW SURFHVV WLPHV
ZLWKDUREXVWSURFHVVFRQWUROWKHWLPHIRUIRUPLQJXQGHU
PXOWLD[LDO VWUHVV FRQGLWLRQV LV QRW YDULHG LQ WKH
IROORZLQJ $ UHJUHVVLRQ WLPH RI PLQ LV VHW VWDUWLQJ
DIWHUWKHVKHHWLVFRPSOHWHO\KHDWHGXS%HIRUHHDFKWHVW
WKH KHDWXS WLPHZDV GHWHUPLQHG IRU WKH FRUUHVSRQGLQJ
VDPSOHJHRPHWU\
3.2. Results of multi-axial stress condition 
)RU FKDUDFWHULVDWLRQ RI WKH IRUPLQJ EHKDYLRXU XQGHU
PXOWLD[LDO VWUHVV FRQGLWLRQV WKH IRUPLQJ OLPLW FXUYH
)/&WKHIORZFXUYHLQWKHK\GUDXOLFEXOJHWHVWDQGWKH
GHHSGUDZDELOLW\ZHUHLQYHVWLJDWHG
)LJXUH  VKRZV WKH LQIOXHQFH RI WKH UHJUHVVLRQ KHDW




)LJ )RUPLQJ OLPLW FXUYHV )/& IRU WKH LQYHVWLJDWHG PDWHULDO LQ
GHSHQGHQFHRIWKHUHJUHVVLRQWHPSHUDWXUH
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7KH YDULRXV SRLQWV UHSUHVHQW GLIIHUHQW PXOWLD[LDO
VWUHVV FRQGLWLRQV ,Q FRPSDULVRQ WR WKH )/& DOVR WKH
SRLQWVRIWKHVWUDLQHYDOXDWLRQRIWKHK\GUDXOLFEXOJHWHVW
DUHVKRZQ
,Q JHQHUDO D VKLIW RI WKH )/& WR KLJKHU VWUDLQ ZLWK
LQFUHDVLQJ UHJUHVVLRQ WHPSHUDWXUH FDQ EH VHHQ
(VSHFLDOO\ LQ WKH HYDOXDWLRQ RI WKH K\GUDXOLF EXOJH WHVW
WKH WHQGHQF\ RI DQ LQFUHDVLQJ VWUDLQ ERWK LQPLQRU DQG
PDMRU VWUDLQ LV UHFRJQL]DEOH %\ SUHYHQWLQJ IULFWLRQ LQ
WKHK\GUDXOLFEXOJHWHVWDPRUHXQLIRUPIRUPDWLRQRIWKH
PDWHULDOFDQEHUHDOL]HG







)LJ $QDO\VLV RI WKH K\GUDXOLF EXOJH WHVW IORZ VWUHVV DQG GRPH
KHLJKW LQ GHSHQGHQFH RI WKH UHJUHVVLRQ WHPSHUDWXUH DW D
FRQVWDQWVWUDLQRIĳ 
7KH FDOFXODWHG IORZ VWUHVVHV kf ĳ    VKRZ D
WUHQGVLPLODUWRWKHVWUHQJWKYDOXHVRIWKHWHQVLOHWHVWDQG
WKH IORZ VWUHVV DERYH & LV QHDUO\ FRQVWDQW :LWK
LQFUHDVLQJ UHJUHVVLRQ WHPSHUDWXUH WKH GRPH KHLJKW DOVR
LQFUHDVHV+RZHYHUWKHWKLFNQHVVHVRIWKHVDPSOHVDWWKH
WRSRI WKHGRPHDUH LQGHSHQGHQWRI WKHUHJUHVVLRQKHDW
WHPSHUDWXUH QHDUO\ FRQVWDQW 7KLV LQGLFDWHV D PRUH
XQLIRUP WKLQQLQJRYHU WKHZKROHEODQN7KH DFKLHYDEOH
LPSURYHPHQW RI WKH VWUHWFK IRUPDELOLW\ LV GXH WR WKH
LQFUHDVH RI WKH VWUDLQ KDUGHQLQJ H[SRQHQW n ZLWK
LQFUHDVLQJ UHJUHVVLRQ WHPSHUDWXUH VHH ILJXUH  7KH
GHWHUPLQDWLRQRIWKHVWUDLQKDUGHQLQJH[SRQHQWnE\WKH
/XGZLN+ROORPRQ HTXDWLRQ LV GHVFULEHG LQ D SUHYLRXV





f Ck M 
 
     (3) 
 





WR D UDSLG LQFUHDVH RI WKH IORZ VWUHVV VR WKDW WKH
GHIRUPDWLRQ LV VKLIWHG WR UHJLRQV RI UHGXFHG VWUDLQ
KDUGHQLQJUHVXOWLQJ LQDKLJKHUGHJUHHRIXQLIRUPLW\RI
SODVWLFGHIRUPDWLRQ7KHUHIRUHD IXUWKHU LQFUHDVHRI WKH
GRPHKHLJKW LV DFKLHYHGGHVSLWH D FRQVWDQW WKLFNQHVVDW
WKHWRSRIWKHGRPH
,Q DGGLWLRQ WR WKH LQYHVWLJDWLRQV RI WKH VWUHWFK
IRUPDELOLW\ FXS GHHS GUDZLQJ WHVWV ZHUH FDUULHG RXW WR
H[DPLQH WKH LQIOXHQFHRI WKH UHJUHVVLRQ WHPSHUDWXUH RQ
WKH GHHS GUDZDELOLW\ )LJXUH  VKRZV WKH GHWHUPLQHG
SURFHVVUDQJHVWRSURGXFHSDUWVZLWKRXWZULQNOLQJRUFXS
EDVH IUDFWXUH IRU WKH UHJUHVVLRQ WUHDWPHQW WHPSHUDWXUHV
& DQG & LQ FRPSDULVRQ WR WKH 7 WHPSHUHG
VWDWH7KHPRUHWKHSURFHVVZLQGRZLVVKLIWHGWRKLJKHU
GUDZLQJUDWLRVWKHEHWWHULVWKHGHHSGUDZDELOLW\
:KHQ IRUPLQJ WKH PDWHULDO XQGHU D FRPELQDWLRQ RI
FRPSUHVVLYH DQG WHQVLOH VWUHVV QR LPSURYHPHQW RI WKH
GHHSGUDZDELOLW\ZDVIRXQG+HUHLWDSSHDUVWKDWWKH7
WHPSHUKDVWKHEHVWGHHSGUDZDELOLW\7KLVKRZHYHULVWR
EH UHJDUGHG FDUHIXOO\ %HFDXVH RI KHDWLQJ WKH ZKROH
EODQN ERWK WKH IRUFH WUDQVPLWWLQJ DUHD LQ WKHZDOO DQG
WKH GHIRUPDWLRQ DUHD LQ WKH IODQJH RI WKH FXS DUH
VRIWHQLQJ VLPXOWDQHRXVO\ 7KH GHFUHDVH RI WKH VWUHQJWK
E\ WKH UHJUHVVLRQ KHDW WUHDWPHQW UHVXOWV LQ D EHWWHU
IRUPDELOLW\ RI WKH SUHVVXUHORDGHG IODQJH DUHD EXW WKH
VWUHQJWK LQ WKH DUHD RI WKH GLH UDGLXV LV WRR ORZ WR
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
)LJ ,OOXVWUDWLRQ RI WKH EODQN KROGHU IRUFH LQ GHSHQGHQFH RI WKH
GUDZLQJ UDWLR WR GHWHUPLQH D SURFHVV UDQJH RI GHHS
GUDZDELOLW\
$W WKH VDPH WLPH WKH VWUDLQ UDWH RI WKH PDWHULDO LV
XQDIIHFWHG E\ WKH UHJUHVVLRQ KHDW WUHDWPHQW $Q
LQFUHDVLQJ VWUDLQ UDWH GHFUHDVHV WKH IRUFH WR GHIRUP WKH
IODQJH ZKLOH LQFUHDVLQJ WKH VWUHQJWK RI WKH FXS ZDOO
7KHUHIRUH D FRPSHQVDWLRQ RI WKH GHFUHDVH RI WKH
OLPLWLQJGUDZLQJUDWLRE\DQLQFUHDVHRIWKHVWUDLQUDWHLV
QRW SRVVLEOH +RZHYHU DQ LQFUHDVLQJ VWUDLQ KDUGHQLQJ
H[SRQHQWnVWUHQJWKHQVERWKWKHDUHDRIWKHFXSZDOODQG
WKH IODQJH VR WKDW UHODWLYHO\ PRUH IRUFH LV QHHGHG IRU
GHIRUPDWLRQ ZKDW FDQQRW EH WUDQVIHUUHG IURP WKH
VRIWHQHG DUHD EHWZHHQ ERWWRP DQGZDOO 7KLV UHVXOWV LQ
IDLOXUH
+HUHDORFDOKHDWWUHDWPHQWPD\EHFRQVLGHUHGDVDQ
RSWLRQ 7KLV ZRXOG DOORZ WKH FRPELQDWLRQ RI GLIIHUHQW
SURSHUWLHVZLWK WKHLU VSHFLILF XVH LQ WKH UHTXLUHG DUHDV
%\VRIWHQLQJRQO\ WKHDUHD LQ WKHGHIRUPDWLRQ]RQHDQG
NHHSLQJWKHKLJKVWUHQJWKRIWKH7WHPSHULQWKHIRUFH
WUDQVPLWWLQJ DUHD KLJKHU VWUDLQ FDQ EH H[SHFWHG 7KLV
DOORZV IRU D FRQWUROOHG DQGGLUHFWHGPDWHULDO IORZHYHQ
IRUFRPSOH[SDUWVZLWKORFDOO\GLIIHUHQWVWUHVVVWDWHV
7KH YDULRXV VWUHVV VWDWHV RI WKH IRUPLQJ OLPLW FXUYH
)/&ZHUHDQDO\]HGE\IXUWKHUH[SHULPHQWV7KHUHVXOWV
VKRZ WKDW HVSHFLDOO\ WKH VWUHWFK IRUPDELOLW\ FDQ EH
LQFUHDVHGGXH WR ULVH LQ WKHVWUDLQKDUGHQLQJH[SRQHQWn
E\WKHUHJUHVVLRQKHDWWUHDWPHQW
,W FDQ EH LGHQWLI\ WZR UDQJHV LQ SDUWLFXODU RI WKH
VWUHQJWK SURSHUWLHV OLNH \LHOG VWUHQJWK XOWLPDWH WHQVLOH
VWUHQJWK DQG IORZ VWUHVV %HORZ & WKH VWUHQJWK
GHFUHDVHV ZLWK LQFUHDVLQJ UHJUHVVLRQ WHPSHUDWXUH
ZKHUHDV DERYH & WKH YDOXHV DUH QHDUO\ FRQVWDQW
$OVRQRVLJQLILFDQW LQFUHDVHRI WKHDFKLHYDEOHVWUDLQIRU
WKHSRLQWVRIWKHVWUDLQHYDOXDWLRQRIWKHK\GUDXOLFEXOJH
WHVW LV UHFRJQL]DEOH LQ WKH )/& DW KLJK WHPSHUDWXUH
QHLWKHU LQPDMRUQRU LQPLQRUGLUHFWLRQ7KHGLYLVLRQRI
WKH SURSHUWLHV LV GXH WR WKH VXSHUSRVLWLRQ RI UHFRYHU\
HIIHFWV DQG SUHFLSLWDWLRQ GLVVROXWLRQ 7KH WHPSHUDWXUH
UDQJHIRUUHFRYHU\HIIHFWVLVVSHFLILHGDWWRRIWKH
PHOWLQJWHPSHUDWXUH7KLVDSSUR[LPDWHO\FRUUHVSRQGVWR
WKH UDQJH EHORZ  & ,Q WKLV WHPSHUDWXUH UDQJH WKH
SURFHVVRIUHFRYHU\VWDUWVZKRVHGULYLQJIRUFHLQFUHDVHV
ZLWK LQFUHDVLQJ UHJUHVVLRQ WHPSHUDWXUH )XUWKHU WKH
GLVVROXWLRQ RI PHWDVWDEOH SKDVHV *3 ]RQHV Ș¶ SKDVH
WDNHV SODFH LQ WKH WHPSHUDWXUH UDQJH RI DERXW  ±
& >@ LQFUHDVLQJ ZLWK SURJUHVVLYH UHWURJUHVVLRQ




GLVORFDWLRQ DQG SUHFLSLWDWLRQ GHQVLW\ 7KH VWUHQJWK WKXV
GHFUHDVHVZLWKULVLQJUHJUHVVLRQWHPSHUDWXUH(VSHFLDOO\
DW YHU\ ORZ UHJUHVVLRQ WLPHV WKH SURJUHVV RI ERWK
SURFHVVHV GHSHQGVKLJKO\ RQ WKH LQLWLDO VWDWH DQGYDULHV
ZLGHO\ ZKHUHE\ WKH HIIHFW RQ WKH PDWHULDO SURSHUWLHV
YDULHVDOVR
$ERYH  & ERWK WKH YROXPH IUDFWLRQ RI WKH
PHWDVWDEOH SKDVHV DQG WKH VWDEOH SKDVHV GHFUHDVH DW
LQFUHDVLQJUHJUHVVLRQWHPSHUDWXUH$FRPSDUDEOHVWDWHRI
VXSHUVDWXUDWHG VROLG VROXWLRQ H[LVWV DW KLJK WHPSHUDWXUH
WUHDWPHQW 0RUHRYHU WKH GULYLQJ IRUFH IRU UHFRYHU\
HIIHFWV LV YHU\ KLJK VR WKDW D ORZ GLVORFDWLRQ GHQVLW\
UHVXOWV HYHQ DW WKH H[DPLQHG UHJUHVVLRQ WLPHV 7KH
XQFKDQJHG VWUDLQ UDWH LQGLFDWHV WKDW QR UHFU\VWDOOL]DWLRQ
RFFXUUHG 'XH WR WKH KLJK DPRXQW RI SUHFLSLWDWLRQ
GLVVROXWLRQ DQG UHFRYHU\ WKH KLQGUDQFH RI WKH
GLVORFDWLRQVDUHEDVHGKLJKO\RQWKHIRUPDWLRQRIDVROLG
VROXWLRQ DIWHU WKH SUHFLSLWDWLRQ GLVVROXWLRQ%HFDXVH WKH
WHPSHUDWXUHLVDERYHWKHW\SLFDOUDQJHVIRUUHFRYHU\DQG
GLVVROXWLRQ RI WKH PHWDVWDEOH SUHFLSLWDWLRQV D QHDUO\




,W WKXV VKRZV WKDW WKHPHFKDQLFDO SURSHUWLHV FDQ EH
LQIOXHQFHG E\ WKH UHJUHVVLRQ KHDW WUHDWPHQW 7KH
SURSRVHG SURFHVV UDQJH \LHOGHG IURP WKH GDWD RI WKH
XQLD[LDO WHQVLOH WHVW LV DOVR JLYHQ LQ FDVH RIPXOWLD[LDO
VWUHVVVWDWHV%DVLFDOO\DUHJUHVVLRQKHDWWUHDWPHQWZLWKD
WHPSHUDWXUH DERYH & LV UHFRPPHQGHG IRU
LQFUHDVLQJ WKH IRUPDELOLW\XQGHUELD[LDO WHQVLOH VWUHVVHV
%HFDXVHWKHUHLVQRVLJQLILFDQWFKDQJHRIWKHDFKLHYDEOH
SURSHUWLHV WKH SURFHVV UDQJH LV VXLWDEOH IRU D UREXVW
SURFHVVSHUIRUPDQFH





ZDV H[DPLQHG 7KH UHTXLUHG FKDUDFWHULVWLFV IRU
VLPXODWLRQ ZHUH GHWHUPLQHG 'HSHQGLQJ RQ WKH VWUHVV
VWDWHV DQ LQFUHDVHRI WKH IRUPDELOLW\ FRXOGEHDFKLHYHG
(VSHFLDOO\ WKH VWUHWFK IRUPDELOLW\ ZDV LPSURYHG ZLWK
LQFUHDVLQJUHJUHVVLRQWHPSHUDWXUHVLQFHLQDGGLWLRQWRDQ
LQFUHDVH RI WKH VWUDLQ WKH VWUDLQ KDUGHQLQJ H[SRQHQW n 
FRXOGEHLQIOXHQFHG
7KHFXUYHRI WKH VWUHQJWKSURSHUWLHV DWWULEXWHV WR WKH
VXSHUSRVLWLRQ RI UHFRYHU\ HIIHFWV DQG SUHFLSLWDWLRQ
GLVVROXWLRQGXULQJWKHUHJUHVVLRQKHDWWUHDWPHQW
+RZHYHU DQ LPSURYHPHQW RI WKH GHHS GUDZDELOLW\
FRXOGQRWEHUHDFKHG7KHGLVDGYDQWDJHRIWKHUHJUHVVLRQ
KHDWWUHDWPHQWRIWKHFRPSOHWHVKHHWLVWKHVLPXOWDQHRXV
VRIWHQLQJ RI WKH IRUFHWUDQVPLWWLQJ DQG WKH GHIRUPDWLRQ
DUHDV VR WKDW QR LPSURYHPHQW RI WKH IRUPDELOLW\ XQGHU
KLJKVWUDLQFRXOGEHH[SHFWHG
1HYHUWKHOHVV WKH UHVXOWV FDQEHXVHG WRGHVFULEH WKH
GLIIHUHQW SURSHUWLHV RI D ORFDOO\ KHDWWUHDWHG VKHHW %\
KHDWLQJ RI VHOHFWHG DUHDV WKH PDWHULDO IORZ FRXOG EH
FRQWUROOHG7KHSURSHUWLHVRIDKLJKVWUHQJWK7 WHPSHU
LQ WKH IRUFHWUDQVPLWWLQJ DUHD FDQ EH FRPELQHG ZLWK D
VRIWHQHG VKHHW ]RQH LQ WKH GHIRUPDWLRQ DUHD VXFK WKDW
KLJKHUVWUDLQFDQEHDFKLHYHG
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